We study the dynamics of two initially correlated qubits coupled to their own separate spin baths modeled by a XY spin chain and find the explicit expression of the quantum discord for the system. A sudden transition is found to exist between classical and quantum decoherence by choosing certain initial states. We show that the sudden transition happens near the critical point, which provides a new way to characterize the quantum phase transition. Furthermore, we propose a scheme to prolong the transition time of the quantum discord by applying the bang-bang pulses.
There has been increasing interest in the study of quantum correlations and quantum decoherence since the recent developments in quantum computation [1] [2] [3] [4] [5] [6] . In early studies, entanglement has been widely used as a special kind of quantum correlations in quantum information processing. However, some recent studies show that entanglement is not the only type of nonclassical correlations which can support the implementation of quantum information processing. It has been found that the quantum discord has an advantage over entanglement and may be responsible for the speed-up of a mix-state based quantum computation [4, 5] . Quantum discord, introduced by Ollivier and Zurek [7] , is defined as the difference between the mutual information and classical correlation. It has been shown that the quantum discord can be completely unaffetced by certain decoherence environment during an initial time interval [6, 8] which means that there is a sudden transition from classical to quantum decoherence. This phenomenon has been verified by the recent experiment [2] .
Theoretically, a deep understanding on the sudden transition is still called for and there are only few cases been used to study quantum discord and sudden transition. The spin-bath environment [9, 10] may provide a way to study this interesting phenomenon. It has been pointed out that the entanglement or the Loschmidt Echo for a single spin rapidly decreases near the critical point [10, 11] . The Loschmidt Echo was introduced in NMR experiments to describe the hypersensitivity of the time evolution to the environmental effects. Some interesting questions arise: Does the sudden transition from classical to quantum decoherence exist in the system of quantum critical environment? What is the relationship between the sudden transition and the quantum phase transition? * xujb@zju.edu. cn   FIG. 1 . This is the schematic diagram of the system studied in this Letter. There is no interaction between qubits A and B. The spin baths are modeled by spin-XY interaction with periodic boundary conditions.
In this Letter, we address these questions by studying the quantum discord dynamics of two initially correlated qubits coupled to their own spin baths modeled by spin-XY interaction. We obtain the explicit expression of the quantum discord dynamics and find that for a class of initial states, there exists a sudden transition [6] from classical to quantum decoherence in a finite time interval. It is shown that the transition time is sensitive to the initial state parameter, the coupling strength of the qubit-bath, the anisotropic coefficient of the XY spin bath and the external magnetic field. We also show that the sudden transition is closely associated with the quantum phase transition and only happens near the critical point for certain initial state and system setup parameters, which indicates the sudden transition may be used to describe the critical point of quantum phase transition. For example, it can be a new measure of the geometry of the ground state of a quantum many-body system like fidelity. Interestingly, the quantum discord for the two central qubits is completely unaffected by isotropic baths for this class of initial states. How to prolong the transition time of quantum discord in quantum information science is very important since it provides more time for the realization of quantum information and computation tasks. We propose a scheme to prolong the transition time by applying a train of bang-bang pulses [12] [13] [14] [15] , which has been proven to be an effective tool to suppress decoherence induced by environment. Experimental suppression of polarization decoherence in a ring cavity using bang-bang pulses has been reported [16] .
As an illustrative example, we consider two central qubits transversely coupled to their own spin baths modeled by the one dimensional anisotropic XY spin chain (See Fig. 1 ). The Hamiltonian for the system is given by
where σ 
where h.c. is the hermitian conjugate,
, and H ± is the corresponding effective Hamiltonian as derived in [17] [18] [19] and reads
where Λ Using the Hamiltonian in Eq. 3, we derive the explicit expression of R(t) as (taking J = 1)
and tan 2ϕ
The ground state energy levelcrossing only happens at Λ (±) k = 0 for some k, which is only possible if we take sin 2 k = 0 and (cos k − h ± ) 2 for γ = 0. When γ = 0, the system reduces to the XX spin model. Therefore, it can be easily shown that the quantum phase transition point is at h ± = 1. It should be pointed out that the analytic expression we derived above is valid for general chain length N . Next we investigate the dynamics of quantum discord for the two initially correlated qubits coupled to their own spin baths modeled by the XY interaction. For a two-qubit system, the total correlation can be measured by the mutual information I(ρ AB ) = S(ρ A ) + S(ρ B ) − S(ρ AB ), where S(ρ) = −tr[ρ log 2 ρ] is the von Neumann entropy. We choose [6] 
Inserting this into the definition of mutual information leads to the explicit expression for I(ρ AB ). Then the quantum discord is defined as
where C is the classical correlation and can be expressed as [20] C(ρ AB ) = max
where {B k } is a complete set of projection operators performed on subsystem B. The quantum conditional entropy is measurement-based and is given by
, where p k corresponds to the probability of the k-th outcome of the measurement, and
. In order to calculate the classical correlation, we need to choose a set of complete orthonormal projectors measuring the subsystem B. Using Eq. (5), the analytical expression for the classical correlation can be obtained. Then the quantum discord can now be written in a closed form
From Eq. (6), we can see that the system shows the sudden transition phenomenon once the reduced density matrix has the general form of Eq. (2), which does not depend on the details of R(t). Generally speaking, local dephasing channels will give a reduced density matrix with the form of Eq. (2).
In Fig. 2 , we plot the time evolution of the mutual information, classical correlation and the quantum discord with N = 20, c 3 = 0.8, λ = 0.9, δ = 0.3 and γ = 0.4. It can be clearly seen that there exists a sudden transition from classical to quantum decoherence at time t = t 0 . We want to note that this is the first time the sudden transition phenomenon is observed in spin environments.
The sudden transition time t 0 depends on the initial state parameter c 3 strongly, as shown in Fig. 3 with the inset showing the time evolution of quantum discord for some different values of c 3 . We observe that for decreasing values of c 3 , the quantum discord decreases while the transition time increases. After the sudden transition time t 0 , they have the same decaying behavior. Now we reveal the relationship between the sudden transition from classical to quantum decoherence and the quantum phase transition. As discussed previously, the quantum phase transition happens at λ − δ = 1. For some initial states, we find that the sudden transition between classical and quantum decoherence only occurs near the phase transition point, as is plotted in Fig. 4 , taking c 3 = 0.8, γ = 0.4 and δ = 0.05, indicating that the sudden transition phenomenon exists in the system of quantum critical environment and only happens near the critical point for certain initial state and system setup parameters. Near the quantum critical point, the system has strong quantum fluctuations, which can cause R(t) decay rapidly and the sudden transition may then happen. This means that the phenomenon of the sudden transition is closely associated with the quantum phase transition. The quantum discord can be a measure of the symmetry of the ground state of a quantum many-body system, like geometric tensor. In order to show the influence of the anisotropic coefficient of the spin bath on the transition time, we plot the quantum discord as a function of γ and time t in Fig. 5 , from which we can see that the transition time varies gradually with γ, and as γ approaches 0, i.e. the environment approaches the isotropic spin ring, the transition time approaches infinity, indicating that for this case, the quantum discord for the two central qubits is completely frozen. The reason of this particular behavior is that when γ = 0, the Bogoliubov rotation angle ϕ (±) = 0, therefore |R(t)| 2 = 1. Inserting this into the quantum discord for the qubits, Eq. (6), we can see that the quantum discord now remains constant over time.
Finally, we propose a scheme to prolong the transition time for a system consisting of two initially correlated qubits coupled to their own spin baths modeled by spin-XY interaction by applying a train of bang-bang pulses, which has been proven to be an effective tool to suppress decoherence induced by environment. It is not difficult to obtain the time evolution operator of the pulses acting on the two central qubits simultaneously with a period of 2∆t as U p = (iσ is given by [12] 
where M is the integer part of t/2∆t, t the remainder, and U ∆ = U p U 0 (∆t)U p U 0 (∆t) for one cycle 2∆t. We focus on the periodic points only for simplicity. As pointed out in Ref. [12] , this unitary time evolution corresponds to a monochromatic alternating magnetic field at resonance. After applying the pulses, the function R(t) needs to be replaced by a new function R(t) and is given by
at periodic points. The expression for the quantum discord remains of the same form. In Fig. 6 , we show the quantum discord without and with the pulse control. The blue dashed curve corresponds to the case where the coefficients are chosen to be near the phase transition point, which means the central qubits are coupled to a critical environment and the red dot-dashed line corresponds to a non-critical environment. It is quite clear that from Fig. 6 that the bang-bang pulse is efficient to suppress the dephasing for both cases, prolonging the time over which the quantum discord does not decrease. Shorter pulses can extend the transition time even longer. It is interesting to experimentally realize this proposal to prolong the sudden transition time.
In conclusion, we have studied the quantum discord dynamics for two central qubits coupled to their own spin chain environment modeled by spin-XY interaction and found that for a class of initial states, there exists a sudden transition between classical and quantum decoherence, which is sensitive to the anisotropic coefficient, external magnetic field and initial state parameter. It is interesting to point out that the quantum discord for the two central qubits is completely unaffected by isotropic baths for this class of initial states. Moreover, the sudden transition phenomenon is found to be closely related to the quantum phase transition and only happens near the critical point for some initial states, which indicates the sudden transition may be used to describe the critical point of the quantum phase transition. Experimentally , the quantum dots can be fabricated by a superconductor or semiconductor and XY spin system can be realized by an array of Josephson junctions. They could be effectively coupled to each other. Finally, we proposed a scheme to prolong the transition time by applying a series of bang-bang pulses on the central qubits. These results may be used to improve the implementation of quantum tasks which are based on quantum correlations.
